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Thermal conductivities of the charcoal bed and the copper matrix for the gas 
adsorption compressor were measured by the concentric-cylinder method. The pre- 
sence of the copper matrix in the charcoal bed enhanced the bed conductance by at 
least an order of magnitude. Thermal capacities of the adsorbent cell as well as 
the heat leaks of two compressor designs were measured by the transient method. 
The new gas adsorption compressor had a heat switch that could transfer eight 
times more heat than the previous one. Because of this, the cycle time for the 
new prototype compressor was also improved by a factor of eight to within the 
minute range. ... 
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1. Introduction 


In the gas sorption refri geration cycle, whether it is the gas adsorption system [1,2] or the 
gas absorption system [3,4], the sorption (adsorbent or absorbent) bed must be cycled between the 
temperature of the heat source and the temperature of the reservoir to which heat is being rejected. 
Thus, making and breaking thermal contacts of the sorption bed with the reservoirs are essential 
operations. A similar situation exists’ for the salt bed of the magnetic refrigerator. Heat 
switches based upon different physical mechanisms have been developed. Mechanical ly actuated heat 
switches [5] have been proved unreliable at cryogenic temperatures, and require large contact force. 
Magnetoresistive heat switches [6] are, except at very low temperatures , of very low efficiency and 
require a magnetic field. Gaseous thermal switches [7,8] which are probably the oldest idea, depend 
on the switching action resulting from the presence or absence of the gas. Efficient gaseous 
switches require a small gas gap but large heat transfer areas which are sometimes hard to achieve. 
Since the primary goal of the sorption refri gerators is one of lifetime and reliability, it was de- 
cided to use a reliable gas heat switch for the adsorption compressor [93- 

SI nee the switching function in the gaseous heat switch is accomplished by the presence and 
absence, of the gas between two surfaces, gas supply and a suction pump are required. These func- 
tions are provided by an adsorption pump connected to the switch. In our earlier gas adsorption 
compressor (GAR- I) [9] the heat switch in each compressor unit was controlled by a miniature pump. 

In our current modular design ( GAR- II), each compressor unit has one heat switch but four heat 
switches are controlled by one pump [10], 



One majc * difficulty in the gas adsorption or desorption process is to transport heat into and 
out of the porous media rapidly. In the GAR-I design, because of this limitation, the cycle time of 
the gas sorption refrigerator was in the range of six to fifteen minutes. This time was too long 
for a practical refrigerator. As an ongoing development effort of nonmechanical (gas adsorption or 
absorption) refrigerators for spaceborne instruments, research has been performed to study the heat 
transfer characters tics of the porous charcoal medium, the porous medium enhanced by a metal ma- 
trix, and the gas heat switch. This paper presents the results of these research efforts that lead 
to the construct*’ ;n of the rapidly cycled compressor [10]. 

2. Thermal conductance and gas adsorption compressor designs 

The thermal properties of charcoal beds with heat transfer enhancement element are essential 
data for compressor design and performance analyses. The thermal condLuti vi ty of a bed of charcc ■ 
was measured in the temperature range between 20C and 475C, using a conventional steady-state 
method, the so-called concentric-cylinder method, with the inner cylinder being a heater. The char- 
coal particles (200 um - 400 pm in size) were filled into the space between the heater and. an outer 
stainless steel cylinder. The heat flow was radial as the length of the cylinder (L) was large 
(5.1 cm) compared to the distance between the cylindrical s he 1 1 s (0.85 cm). The temperature gra- 
dient due to the radial heat flow was measured by two thermocouples located at radii and - r 0 , 
close to the mid-point of the cylinder. The thermal conductance k of the bed was calculated . from 
the following relation: 

Qln(r /r. ) 

k = 2nL(T. - T o ) (1) 

where k = thermal conductance (W/cmK) 

Q = power of the central heater (Watt) 

T. , T o .= temperatures measured at radii , r , respectively 

With r. = 0.31 cm and r Q = 1.17 cm, the results for the thermal conductivities k of the charcoal 
bed are listed in Table 1. Thermal conductivities between 1.17 x 10“ 3 W/cmK and 1.26 x 10“^ W/cmK 
are found. These values are in the same order of magnitude as those of the zeolite bed reported in 
the literature [11]. 
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Table 1. Thermal conductance of charcoal bed 
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The thermal conductivity of a copper foam [3% by volume) was determined by the similar method 
and the value was listed in Table 2. It was observed that the copper foam had thermal conductivity 
an order of magnitude better than the charcoal bed. Hence, when the charcoal was packed into the 
copper foam matrix, the thermal conductance of the bed would be increased by an order of magnitude. 
Because of this heat enhancement, in our earlier adsorption compressor (GAR-I), as shown in Fig. 1, 
7.38 gm of charcoal which was confined within a stainless steel cylinder of volume 14.35 cm^, was 
packed into the open foam copper matrix. The temperature of the adsorbent cell was controlled by a 
40 W heater and a gas heat switch gap to a 77 K heat sink. The presence and absence of the gas in 
the gap are controlled by a miniature adsorption pump containing a small amount of charcoal. A 
schematic of the adsorbent bed, the heat switch and the miniature pump is shown in Fig. 1. 
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Table 2. Thermal conductance of copper foam 
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The heat path from the adsorbent bed to the 77 K heat sink passes through the porous bed and 
the stainless steel wall and is interrupted by the 0.18 mm annular gap between the inner stainless 
steel cylinder and the outer brass cylinder before it reaches th 77 K heat sink; : The gap may be 
vacuum or filled with hydrogen gas through the stainless-steel capillary tube C, depending on the 

temperature of the miniature adsorption pump. The pump is maintained in weak thermal contact with 

the heat sink through an appropriately sized wire. A heater and a silicon diode were attached to 
the pump chamber. 

The pump chamber was leak tested, vacuum outgassed and backfilled with hydrogen at 77 K and 
200 torr. At that temperature all the gas was adsorbed onto the charcoal and there was no gas in 

the heat switch gap, i.e., the heat switch was off. When the pump was heated to about 110 K, the 

gas was released and the pressure built up. Hydrogen began to flow from the pump to the gas gap, 
i.e., the switch was on. Hydrogen was chosen because of its relative high thermal conductivity. 

The test results ar; presented in the next session. 

The new refrigerator design ( GAR- II) of 250 mW at 20 K consists of banks of individual com- 
pressor modules. A schematic of a modular design is shown in Fig. 2. This design involves four 
banks (A, B, C and D) containing sixteen compressor modules in total. Each compressor module is a 
double walled cylindrical unit as shown in Fig. 3. The charcoal, confined within the stainless 
steel inner pressure vessel, is packed into an open copper matrix foam. The gap between the inner 
and the outer cylinders is the gas heat switch. The heat switches of four compressors are con- 
trolled by one miniature adsorption pump of charcoal which when- heated supplies gas to the switch, 
turning it on and when cooled, removing gas from the switch, turning it off. Each bank has one such 
miniature adsorption pump, so all the compressors in each bank are cooled at the same time. 


3. Transient experimental measurements and results 

Transient thermal tests were performed for the GAR- 1 compr essor (Fig. 1) and the GAR- 1 1 com- 
pressor module (Fig. 3) to determine the heat capacity of the adsorbent bed, the heat leak, and the 
switching capacity of the heat switch. 


In the tests involving the heat capacity, both the adsorbent cell and the heat switch pump 
were evacuated. The adsorbent cell was then heated, and the transient temperature was recorded. 
As the first iteration, the heat leak was ignored and the heat capacity of the adsorbent cell 
(mCp), <e u which included the charcoal, the stainless steel vessel and the copper foam was deter- 
mined by 


^ mc p^cel 1 



( 2 ) 


where Q = heat input 


d ^a = transient temperature gradient of the cell 
dt 


The heat leak from the cell was determined by recording the temperature during the cool 
down of the cell: 
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( 3 ) 



where T\, are temperatures at times t^ and 
T $ is the heat sink temperature 

With the knowledge of the heat leak, as a second iteration the heat capacity was recalculated by 


(“Veen 
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where T, is the adsorbent cell temperature. 

a 

The heat capacities of the GAR- 1 adsorbent cell calculated by equations (2) and (4) are shown in 
Fig. 4. A theoretical curve based on the properties of carbon, stainless steel and copper is also 
shown in the same figure for comparison. It was observed that the experimental data were about 30% 
higher than the theoretical prediction. Fig. 5 shows the response of the switch to the heating of 
the charcoal oump. Within 50 seconds the switch is conducting. The value of the conductance R can 
be determined from the temperature transient by an energy balance of the adsorbent cell: 


[{mC ) ♦ (mC ) 

L p'a V p's.s. 


<*T 

+ ar 


= -K(T a - T $ ) 


(5) 


where m is the mass 

Cp is the heat capacity 

the subscripts a, s.s. and c represent the adsorbent, the stainless steel vessel and the 
copper foam, respectively 

^a is the gradient of the temperature transient 
dt 

is the heat sink temperature 


The thermal conductance K was plotted as a function of the mean temperature, i.e., (T + T )/2) in 
Fig, 6. The theoretical K was calculated by knowing the heat switch area A, the gap size l and 
the thermal conductivity k of the gas as 



( 6 } 


Thus, with hydrogen as the working gas, the switch of GAR- I has a conductance of 0.8^/K when the 
switch is on and a conductance of Q.14W/K when the switch was off, giving a switch ratio of 5.7. 

Similar tests were performed for the GAR-II compressor, and the results are shown in Figs. 7, 
8 and 9. The thermal conductance of this new heat switch design was foupd to be 8 times better 
than the previous design. The switch of GAR-II has a conductance of 5W/K when the switch was on 
and a conductance of 0.37W/K when the switch was off, giving a switch ratio of 14. 


4. Conclusions 

The thermal properties of the adsorbent bed and the heat switch were determined by steady state 
and transient experiments. Results of these heat transfer studies led to the design and the con- 
struction of a new gas sorption compressor which had a heat switch that could transfer 5 W/K of 
heat from a 6 cm (H) x 2.54 cm (0) cylindrical modular compressor. Because of this, the cycle tioe 
for the new prototype compressor was about one minute. Since the system weight is almost inversely 
proportional to the cycle time, this improvement will no doubt reduce the refrigerator weight in 
spaceborne missions. ’ 
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Fig. 1 . GAR - I COMPRESSOR 
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Fig. 2 , 4 banks, is units gas adsorption compressor 
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Fig. 3. GAR - II COMPRESSOR MODULE 
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